AIcaligenes eutrophus was grown in continuous culture (34 "C, pH 68) under various conditions with respect to dilution rate, nutrient limitation and carbon substrate. Poly-3-hydroxybutyrate (PHB) content, the rate of PHB production ( a, , , ) to the maximum rate of carbon substrate utilization (g,,,,) during growth on lactate, but much lower than g,,, during growth on glucose. The relationship between q,,, and surplus g, was confirmed by the effect of adding formate (as an additional source of NADH and/or ATP) and the uncoupling agent carbonyl cyanide-m-chlorophenylhydrazone (CCCP) to ammonia-limited cultures. It is concluded that A. eutrophus is unable to regulate the rate at which it takes up excess carbon substrate to match that required solely for growth, particularly during growth on lactate at low dilution rate, and thus produces PHB as a means of avoiding the potentially deleterious effects of generating high concentrations of intracellular metabolites. Possible ways of further increasing PHB production are discussed.
INTRODUCTION
Poly-3-hydroxybutyrate (PHB) is the most abundant of a wide range of high-molecular-mass microbial polyhydroxyalkanoates. These polyesters comprise repeating hydroxyacyl monomers of general formula / o (v/v) H,PO,, 1 ml; BIOPOL trace elements solution (containing, per litre : CuSO,. 5H,O, 3 g; ZnSO,. 7H,O, 25 g; MnSO, .4H,O, 12-5 g; H,SO,, 2.5 ml) plus carbon substrate, 1.2 g C (e.g. 3 g glucose 1-l). Iron was introduced separately (as a solution containing in 1 1 : FeSO, . 7H,O, 0 5 g ; H2S0,, 2 ml) at a rate sufficient to produce an input concentration of 6 mg Fe2' 1-l. The p H was controlled at p H 6.8 0.1 by the addition of 2 M KOH or 2 M H,SO,. The culture was stirred at approximately 500 r.p.m. and aerated at 0.5 v v-l min-'. For ammonia-limited growth, the (NH,),SO, concentration was 0-25 g 1-1 and the carbon substrate concentration was 2 g C 1-1 (except for DL-lactate, which was added at 4 g C I-'); for growth on dual carbon substrates, each substrate was added at 2 g C 1-l. For oxygen-limited growth, the carbon substrate concentration was 4 g C 1-l. For potassium-limited growth, theK,SO, concentration was 10 mg l-l, the carbon substrate concentration was 2 g C l-l, the aeration rate was 1.0 v v-l min-l and the p H was controlled with 2 M NaOH. In some experiments the medium was supplemented with sodium sulphate (1-70 g 1-l).
Determination of cell dry weight. Total dry weight (total biomass) was determined by harvesting, washing, drying to constant volume and weighing. Non-PHB dry weight (non-PHB biomass) was calculated from the total dry weight and the PHB content using the relationship : non-PHB dry weight = total dry weight x (100 -' / o PHB)/100. Preparation and analysis of culture supernatants. Culture supernatants were prepared by rapidly removing samples (approximately 2 ml) from the culture, immediately transferring to an Eppendorf microfuge tube (1.5 ml capacity) and centrifuging in an MSE Microcentaur bench-top centrifuge at 13000 r.p.m. (13400g) for 1 min. The resultant supernatant was carefully removed using a Gilson pipette and stored frozen or on ice until required.
Analysis of growth media and culture supernatants. Growth media and culture supernatant samples were analysed for the presence of glucose, fructose, gluconate, pyruvate, lactate and formate using HPLC (Anachem/Gilson). Samples (200 pl) were separated on an Aminex HPX-87H ion-exclusion column (100 x 7.8 mm; Bio-Rad) at 30 "C, operating at a flow rate of 0.5 ml min-l with 5 mM H2S04 as the mobile phase. The UV absorbance (Algo) and refractive index of the column effluent and appropriate standards were monitored continuously using a Dynamax absorbance detector (model UV-1; Rainin Instruments) and a refractive index monitor (model 1755; BioRad) respectively. Elution profiles were recorded and saved to computer disk. Glucose and gluconate were distinguished by the ratio of refractive index to UV absorbance (24.36 for glucose and 1.97 for gluconate). Culture supernatant samples were analysed for glucose, fructose, gluconate, pyruvate, lactate and formate qualitatively by comparison of peak retention times, and quantitatively by calculation of peak areas and reference to standard curves of peak area versus concentration for each substrate (Dynamax R data reprocessing computer program ; Rainin Instruments).
D-Lactate and L-lactate concentrations were measured spectrophotometrically from the reduction of NAD' at p H 9.0 in the presence of D-laCtate dehydrogenase and L-lactate dehydrogenase respectively (Gutmann & Wahlefeld, 1974) .
Purification of PHB.
A partially purified (approximately 90 %) sample of PHB from A. eutrophus (supplied by Zeneca BioProducts) was purified by adding 10 g to 300 ml chloroform and refluxing for 1 h at 61 "C. The PHB was precipitated by adding the resulting solution dropwise to a baffled 5 1 beaker containing a rapidly agitated mixture of 300 ml distilled water and 1.2 1 methanol. The excess liquid was removed by decanting and the process repeated twice before the precipitate was dried at 60 OC, desiccated for 16 h and stored until required. The purity of the PHB was > 99 O/O, Determination of PHB content. Culture samples (approximately 200 ml) were centrifuged at 4 "C for 15 min at 12200 g and the supernatants carefully removed. The cell pellets were washed in 20 mM HEPES/KOH buffer (pH 6 4 ) , then resuspended in 1-2 ml distilled water, frozen at -20 "C and freeze-dried. PHB content [% PHB; g PHB (g total biomass)-'] was determined by a procedure based on the method of Karr et al. (1983) . A known mass of cells (approximately 100 mg) was digested with 10 ml 55% (w/v) perchloric acid at 80 "C for 1 h to hydrolyse the PHB to 3-hydroxybutyrate (3-HB). After cooling, 2 ml of the mixture was neutralized with 5.8 ml 20% (w/v) KOH, filtered and assayed for 3-HB using HPLC (as above except that the mobile phase was 8 mM H,SO,, the injection volume was 20 p1 and detection was by absorbance at 210 nm). Purified PHB was extracted and hydrolysed in the same way, and the resultant 3-HB used to prepare a standard curve of peak area versus PHB mass. PHB content was determined by reference to the standard curve.
Chemicals. Chemicals were obtained from Sigma or BDH and were of the highest grade available.
Presentation of results.
All results are shown as the mean of several independent determinations, together with an indication of the variation from the mean.
RESULTS

Effect of nutrient limitation on PHB production
A. eutrophus was grown in continuous culture at low dilution rate (D 0.10 h-') with glucose as the carbon source and either glucose, ammonia, potassium or oxygen as the growth-limiting nutrient. No extracellular products (including lactate or ethanol) were detected in the culture supernatants by HPLC, indicating that in all of these cultures glucose was converted only into a mixture of PHB, non-PHB biomass and carbon dioxide. This pattern of PHB production is generally similar to the production of xanthan by Xanthomonas campestris (Davidson, 1978) , alginate by Pseudomonas aeruginosa (Mian et al., 1978) and succinoglucan by Agrobacterium radiobacter (Linton et al., 1987a) , but differs from the production of PHB by Azotobacter beijerinckii, which is maximal under oxygen limitation (Senior et al., 1972) . YPHB was substantially lower than the maximum theoretical yield of 0-48 g PHB (g glucose)-' (equivalent to the production of 1 mol PHB monomer from 1 mol glucose ; Yamane, 1993) even during ammonia-limited growth, presumably due to the concomitant use of glucose to support non-PHB biomass production (i.e. normal growth and maintenance).
Effect of dilution rate on PHB production
A. eutrophus was grown in continuous culture over a wide range of dilution rates (D 0*0254300 h-') with glucose as the carbon source and ammonia as the growth-limiting nutrient. PHB content at the lowest dilution rate was very close to the physical limit of approximately 80% (see Byrom, 1987; Anderson & Dawes, 1990) , and thereafter decreased in an essentially linear manner as a function of increasing dilution rate (Table 2; Fig. 1 Because the PHB content of the cells only changes marginally as the dilution rate increases from 0.025 to 0-075 h-', q p H B inevitably increases, whereas the subsequent decline in q p H B as the dilution rate increases from 0.075 to 0.300 h-l reflects the large decrease in PHB content over this range. The very large overall decrease in PHB content reflects the inability of qs to increase pro rata with the increasing dilution rate (approximately 4-fold compared with 12-fold), such that the synthesis of non-PHB biomass increasingly occurs at the expense of PHB synthesis. This pattern of PHB production as a function of dilution rate is similar to the production of succinoglucan by Ag. radiobacter (Linton et al., 1987a) and PHB by Az. beijerinckii (Senior et al., 1972) , whereas the production of alginate by P. aeruginosa increases with dilution rate (Mian et al., 1978) .
YPHB also decreased as a function of increasing dilution rate, but in this case only above 0.05 h-l. At this dilution rate the actual yield was closest to the theoretical maximum yield, 0.45 compared with 0.48 g PHB (g glucose)-', suggesting that the theoretical maximum yield may only be attainable after correcting for glucose utilization for normal growth and maintenance, or by using non-growing cells. Interestingly, YpHB was lower at D 0.025 h-l than at D 0.05 h-l, probably reflecting both the proportionately high utilization of glucose for maintenance at this very low growth rate and the inability of the cells to accumulate PHB above the physical limit of approximately 80 ' / o .
Effect of different carbon sources on pmax and PHB production
A. eutrophus grew rapidly in batch culture with glucose, fructose, potassium gluconate, potassium pyruvate or sodium DL-lactate as the carbon source, and exhibited pmax values within the narrow range 0*360-0-460 h-l for all five substrates. These growth rates were no more than marginally affected by the replacement of potassium pyruvate and potassium gluconate by their sodium salts, or by the addition of an equivalent Cells were analysed for PHB, and inflowing media and culture supernatants for the various carbon sources, as described in Methods. The results are the mean of between three and ten independent determinations; the variation between these independent determinations was < 10 YO.
Carbon source A. eutrophus was therefore grown in continuous culture (D 0.10 h-l) with glucose, fructose, gluconate, pyruvate or DL-lactate as the carbon source and ammonia as the growth-limiting nutrient. As the organism used only the L-isomer of DL-lactate during growth under ammonia limitation, all calculations of qs for growth on lactate were based solely on the utilization of this isomer. PHB content, q p H B and qs varied substantially with the nature of the carbon source in the order lactate) pyruvate > glucose/gluconate > fructose (Table 3) .
These values were not significantly affected by the replacement of potassium pyruvate or potassium gluconate by their sodium salts or by the addition of an equivalent concentration of sodium sulphate to cultures growing on glucose, but were slightly decreased by the addition of sodium sulphate to cultures growing on fructose. Cultures growing on the best carbon substrate for PHB production, sodium lactate, exhibited a q p H B of 0.38 g PHB (g non-PHB biomass)-' h-l and a qs of 1.45 g lactate (g non-PHB biomass)-' h-l, both of which were approximately twice the corresponding rates from the poorest carbon substrate, fructose. (Fig. 2) , although it should be noted that the threshold value will be slightly different for each carbon substrate depending on the exact efficiency with which that substrate is converted into non-PHB biomass.
YpFB remained relatively constant during growth on the various carbon substrates, but was always much less than the theoretical maximum yield from each substrate, again presumably due to the concomitant production of non-PHB biomass.
Further comparisons of PHB production during growth on glucose and lactate A. eutrophus was grown in carbon-or ammonia-limited continuous culture at two different dilution rates (0.100 or 0.300 h-l) with either glucose or DL-lactate as the carbon source (Table 4) . In contrast to growth under ammonia limitation, both the D-and L-isomers of lactate were used during lactate-limited growth and therefore all calculations of qs were based on the use of both isomers. As cells grown on lactate exhibited membranebound D-and L-lactate dehydrogenase activity irrespective of the nutrient limitation (no soluble NAD+-linked lactate dehydrogenase activity was detected in either type of cells), the failure of ammonia-limited cells to use D-lactate probably reflected inhibition of D-lactate transport and/or oxidation by a high concentration of L-lactate. PHB content, q p H B and qs all increased substantially as a function of dilution rate during carbon-limited growth, albeit from low values, and were always higher during growth on lactate than on glucose (Table 4) . During ammonia-limited growth, PHB content and q p H B decreased substantially from very high values as a function of dilution rate, but were again always higher during growth on lactate than on glucose; in contrast, qs remained very high at both dilution rates during growth on lactate, but increased substantially during growth on glucose (see also Tables 2 and 3).
Values of q P H B and qs for growth under glucose or lactate limitation at a dilution rate of 0.10 h-' fitted well into the approximately linear relationship between q p H B and qs, above a threshold value of qs, reported above for ammonia-limited growth at the same dilution rate on various carbon substrates. Similarly, q p H B and qs values for growth at a dilution rate of 0.300 h-l also exhibited an approximately linear relationship, above a threshold value of qs, which was almost parallel to that obtained for growth at the lower dilution rate; however, the threshold value of qs was substantially higher, reflecting the higher dilution rate (Fig. 2) .
It is concluded, therefore, that the threshold value of qs obtained from a plot of qPHB versus qs for a given carbon substrate represents the qs used solely for the production of non-PHB biomass from that substrate at the given dilution rate, and that only any qs in excess of Table 4 . Effect of different nutrient limitations and dilution rates on the production of PHB from glucose and DL-lactate by continuous cultures of A. eutrophus A. eutrophus was grown in continuous culture (D 0.10 or 0.30 h-l) with glucose or sodium DLlactate as the carbon source and either glucose, sodium DL-lactate or ammonia as the growthlimiting nutrient. Cells were analysed for PHB, and inflowing media and culture supernatants for glucose or lactate, as described in Methods. The results are the mean of between two and five independent determinations ; the variation between these independent determinations was < YPHB corrected values were 0.27 and 0.26 g PHB (g carbon substrate)-' respectively. These corrected yields were all much higher than the corresponding uncorrected values (see Table 4 ), confirming that the efficiency of PHB production is greatly increased once the requirement of growing cells to make non-PHB biomass is satisfied.
This was particularly true at the lower dilution rate, where the corrected yields were close to the theoretical maximum yields of 0.48 g PHB (g carbon substrate)-' for the production of PHB from glucose and 0.42-0.48 g PHB (g carbon substrate)-' for the production of PHB from lactate (equivalent to the production of 1 mol PHB monomer from 2 mol lactate assuming that the 1 mol NADPH required is made by the oxidation of an additional 0.25 mol lactate or by reversed electron transfer from NADH respectively; see also Yamane, 1993) . At the higher dilution rate, the corrected yields were still significantly lower than the theoretical maximum yields, indicating that some of the surplus qs is diverted to produce carbon dioxide and/or an as yet unidentified additional product.
Threshold qs values were also used to calculate growth yields for A. Lactate is a much better carbon substrate than glucose or the other carbon substrates for PHB production during ammonia-limited growth because qs is approximately equal to qSmax at all dilution rates during growth on lactate, whereas qs is lower than qSmax during growth on glucose (Fig. 3) . Growth at low dilution rate on lactate therefore generates a much higher surplus q,, and hence a higher qpHB, than during growth on glucose.
The mechanism via which the qs for lactate, but not for glucose or the other carbon sources, is so strongly ' derepressed ' during ammonia-limited growth is currently unclear. Table 5 . Effect of dual carbon sources on the production of PHB by continuous cultures of A. eutrophus A. etitrophus was grown in continuous culture (D 0.10 h-') with glucose, fructose, sodium pyruvate, glucose + fructose or glucose + sodium pyruvate as the carbon source, and ammonia as the growthlimiting nutrient. Cells were analysed for PHB, and inflowing media and culture supernatants for glucose, fructose and pyruvate, as described in Methods. G, glucose; F, fructose; I?, pyruvate. 
Effect of dual carbon sources on PHB production
Attempts were made to increase qs, and hence surplus qs and qpHB, by growing A. eutrophus on dual carbon sources (using, where appropriate, only sodium salts).
Initial batch experiments showed that most dual carbon sources, and unfortunately all those involving lactate, either elicited diauxic growth or allowed growth on a single carbon source only. In contrast, growth on glucose + fructose and glucose + sodium pyruvate was characterized by the simultaneous utilization of both carbon sources.
A. eutrophus was therefore grown in ammonia-limited continuous culture at a dilution rate of 0.10 h-l with glucose + fructose or glucose + sodium pyruvate as dual carbon sources. During growth on glucose +fructose the rates of glucose utilization, fructose utilization and glucose + fructose utilization (total qs) were lower than during growth on either substrate alone, as also were the PHB content and qPHB (Table 5 ) . In contrast, although the rate of glucose utilization during growth on glucose + pyruvate was lower than during growth on glucose alone, the rate of pyuvate utilization was the same as during growth on pyruvate alone; the rate of glucose + pyruvate utilization (total qs) was therefore higher than during growth on either substrate alone, as also were the PHB content and qpHB'
These results further confirm the relationship between q p H B and surplus qs, and in the case of growth on glucose + pyruvate show that qs can be increased by the use of dual carbon sources with the expected increase in PHB content and qpHB. Unfortunately, however, the total qs for growth on glucose+pyruvate was still significantly less than for growth on lactate alone, 1-26 compared with 1.45 g carbon substrate (g non-PHB biomass)-' h-l, and all attempts to increase qs from lactate by persuading cultures to utilize lactate and another carbon source simultaneously were unsuccessful. The mechanism via which glucose and fructose appear to exert mutual inhibition of fructose and glucose utilization is not known.
Effect of formate and CCCP on PHB production
During growth in the presence of formate, A. eutrophus contains both a membrane-bound, flavin-linked formate dehydrogenase and a soluble, NAD+-linked formate dehydrogenase (Friedbold & Bowien, 1993) . T o investigate the possible regulation of PHB production by reducing power and/or energy, A. eutrophus was therefore grown in ammonia-limited continuous culture at D 0.10 h-l with glucose as the carbon source and either potassium formate as an additional source of NADH and/or ATP, or CCCP as an uncoupling agent ( Table 6 ) .
Formate (0.93 g potassium formate 1-l) substantially decreased PHB content, qPHB and qs; it should be noted that as the carbon dioxide generated by formate oxidation cannot be assimilated (Bowien et al., 1990) , qs for growth on glucose + formate was calculated solely on the basis of glucose utilization. Conversely, low concentrations of CCCP ( < 5 pM) slightly increased PHB content, qPHB and qs, whereas moderate concentrations (10-14 pM) further increased qs but significantly decreased PHB content and qpHB' Both formate and moderate concentrations of CCCP decreased YPHB, since both compounds decreased PHB production whilst inhibiting glucose utilization to a lesser extent and stimulating glucose utilization respectively. High concentrations of CCCP ( 2 1 5 pM) caused the culture to wash out, and also completely inhibited growth in batch culture, No extracellular products were detected in any of the culture supernatants using HPLC, indicating that Jackson & Dawes, 1976) . However, as PHB production by non-growing batch cultures of A. eutrophus is favoured by a high NAD(P)H/NAD+ ratio (Lee et al., 1995) , it is possible that the effect of reduced nicotinamides is different under growing and nongrowing conditions.
In contrast to formate, the uncoupling agent CCCP stimulates glucose utilization via its effect on respiration and ATP synthesis ; but although qs increases, glucose is used much less efficiently to make non-PHB biomass, thus decreasing surplus qs and hence qpHB.
DISCUSSION
The results described in this paper show that the production of PHB from glucose by continuous cultures of A. eutrophus is similar to the production of PHB by Ax. beijerinckii, and also to the production of the extracellular polysaccharides succinoglucan and xanthan by Ag. radiobacter and X . campestris respectively, in that maximum production occurs during growth at low dilution rate in the presence of excess glucose (Senior et al., 1972; Davidson, 1978; Linton et al., 1987a) . Notably, however, PHB production occurs maximally under ammonia limitation in A. eutrophus, rather than under oxygen limitation as in Az. beijerinckii. This difference is probably explained by the observation that Az. beijerinckii, a nitrogen-fixing organism, utilizes a large amount of carbon substrate for respiratory protection of nitrogenase during nitrogen-limited growth, whereas much of this is diverted to PHB during oxygen-limited growth (probably due to the increased availablity of NADH; Page & Knosp, 1989) .
It has previously been suggested that ammonia-limited cultures of Ag. radiobacter and P. aeruginosa are unable to regulate fully the rate at which they take up glucose, particularly when growing at low dilution rate. As a result, they form copious amounts of exopolysaccharide in order both to overcome the potentially deleterious osmotic effects of accumulating surplus intracellular metabolites and to consume some of the surplus ATP generated by the oxidation of these metabolites (Cornish et a/., 1988 ; Williams et al., 1996 ; see also Linton, 1990) . As A. eutrophus is also apparently unable to regulate fully the rate at which it takes up carbon substrates, particularly lactate (and, to a lesser extent, glucose; see also Steinbiichel & Schlegel, 1989) , it is likely that the production of PHB has an analogous role to the production of exopolysaccharide, albeit without the ability to turn over surplus ATP (which must therefore occur via other mechanisms ; see Russell & Cook, 1995) . However, unlike exopol ysaccharide, PHB is an intracellular product and therefore additionally provides a means of storing excess carbon and reducing power for future use (Senior et al., 1972) . In this context it is interesting to note that P. aeruginosa and the methylotrophic bacterium Methylobacterium rhodesianum can make PHB (or other polyhydroxyalkanoates), exopolysaccharide and/or various organic acids as alternative products after losing the ability to make exopolysaccharide or PHB respectively following natural strain degeneration or mutagenesis (Breuer et al., 1995 ; Williams et al., 1996) .
Glucose transport is a major kinetic control point for the production of succinoglucan by Ag. radiobacter (Cornish et al., 1988) , as evidenced by direct kinetic analysis and also by the isolation of a mutant with an enhanced capacity for glucose transport and hence succinoglucan production. It is therefore notable that the rate of PHB production (qPHB) from glucose or other carbon substrates by ammonia-limited cultures of A. eutrophus is directly related to the rate of carbon substrate utilization above that required for the production of non-PHB biomass (surplus qs), and that washed cells of A. eutrophus prepared from glucoselimited and lactate-limited cultures (in which the glucose and lactate transport systems respectively should be strongly derepressed) synthesize PHB rapidly when provided with excess glucose or lactate (unpublished). It is likely, therefore, that transport of the carbon substrate is a major kinetic control point not only for succinoglucan production by Ag. radiobacter, but also for PHB production by A. eutrophus.
As a result of the work described in this paper it is now possible to identify two general criteria, in addition to growth at low dilution rate in the presence of excess carbon substrate (see Anderson & Dawes, 1990) , which must be satisfied in order for an organism to achieve high rates of PHB production (qpHB)' Firstly, the organism should exhibit a high ,urn,, and a low growth yield, thus generating a high qsmax. Secondly, the organism should exhibit a qs value as close as possible to qSmax under PHB-producing conditions, thus generating a high surplus qs.
It follows, therefore, that q p H B may be further increased by selecting mutant strains which exhibit increased qSrnax values (either via an increased ,urnax without a concomitant increase in growth yield or via a decreased growth yield without a concomitant decrease in ,urnax), and/or exhibit maximally derepressed rates of carbon substrate transport and catabolism under PHB-producing conditions (such that qszqsmax and hence surplus qs is maximized). These changes would also enable the organism to maintain a PHB content near to the physical maximum of approximately 80 % whilst growing at a higher dilution rate, thus further increasing
The mechanism via which the qs for lactate is strongly derepressed (such that qs z qsmax) compared with the qs for glucose and other carbon sources (where qs<qs,,,) during the growth of A. eutrophus under ammonia limitation at low dilution rate, is currently qPHB' unclear. However, the possibility that the lactate transport system(s) is maximally expressed at all times during growth on lactate, irrespective of nutrient limitation or dilution rate, clearly merits further investigation.
